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ABSTRACT: Metastasis is the major cause of death in colorectal cancer (CRC) patients. Inhibition of metastasis
will prolong the survival of patients with CRC. Cancer cells bring their own soil, cancer-associated fibroblasts
(CAFs), to metastasize together, promoting the survival and colonization of circulating cancer cells. However, the
mechanism by which CAFs metastasize remains unclear. In this study, CAFs were derived from adipose
mesenchymal stem cells (MSCs) after co-culture with CRC cell lines. Transwell assays showed that CAFs have
stronger migration and invasion abilities than MSCs. In a nude mouse subcutaneous xenograft model, CAFs
metastasized from the primary tumour to the lung and promoted the formation of CRC metastases. The
expression of HIF-1o was upregulated when MSCs differentiated into CAFs. Inhibition of HIF-1a expression
inhibited the migration and invasion of CAFs. Western blot and ChIP assays were used to identify the genes
regulated by HIF-lo. HIF-la regulated the migration and invasion of CAFs by upregulating miR-210
transcription. Bioinformatics analysis and luciferase reporter assays revealed that miR-210 specifically targeted
the 3'UTR of VMP1 and regulated its expression. Downregulation of VMP1 enhanced the migration and invasion
of CAFs. In vivo, inhibition of miR-210 expression in CAFs reduced the metastasis of CAFs and tumour cells.
Therefore, the HIF-10/miR-210/VMP1 pathway might regulate the migration and invasion of CAFs in CRC.

Inhibition of CAF metastasis might reduce CRC metastasis.
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Colorectal cancer (CRC) is one of the most common
malignancies in the world [1]. Metastasis is the main
cause of death in patients with CRC, and inhibition of
metastasis prolongs the survival of CRC patients.
Cancer-associated fibroblasts (CAFs) are the most
abundant non-malignant cells in the tumour
microenvironment [2], and they might play an important
role in promoting the metastasis of tumour cells from the
primary site and colonization in distant organs. CAFs
induce the Epithelial-mesenchymal transition (EMT) of

cancer cells through paracrine signalling with growth
factors and pro-migratory cytokines [3]. Transforming
growth factor-p (TGF-B) and hepatocyte growth factor
(HGF) derived from CAFs promote the EMT and
metastasis of cancer cells [4, 5]. CAFs secrete high levels
of chemokine ligand 7 and chemokine ligand 16, which
promote both the migration and invasion of hepatocellular
carcinoma cells by enhancing the activity of the TGF-f
pathway [6]. Calvo et al. revealed that CAFs mediated
tumour microenvironment (TME) remodelling and
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enhanced extracellular matrix (ECM) stiffening to
facilitate tumour cell invasion by activating the
transcription factor YAP1 and regulating cytoskeletal
proteins [7]. CAFs can also reshape the basement
membrane, leading to the formation of gaps through
which cancer cells can migrate [8]. The interaction
between N-cadherin on CAFs and E-cadherin on tumour
cells drives tumour cells invasion dynamically [9]. In
addition, as an important component of the TME, CAFs
inhibit apoptosis and promote matrix proliferation and
angiogenesis to establish a metastatic microenvironment
to facilitate tumour cell colonization [10, 11].

The origin of CAFs in metastatic sites remains
controversial. Most studies have suggested that CAFs in
metastatic sites are derived from intrinsic fibroblasts of
the metastatic organ [12, 13]. However, Duda et al [14]
found that metastatic cells could bring stromal
components, including CAFs, from the primary site to the
lung, and these co-travelling CAFs provided an early
growth advantage to the metastatic cancer cells in the
lung. Furthermore, recent studies have found the presence
of circulating CAFs (cCAFs) in the peripheral blood of
patients with a variety of tumours [15, 16]. Based on these
results, we hypothesize that CAFs may help to form a
microenvironment for tumour cell colonization. However,
the mechanism by which CAFs metastasize remains
unclear.

Since normal MSCs from circulating or adjacent
tissues are one of the main sources of CAFs [17-19], we
established a model in which colorectal cancer cells
induced MSCs to become CAFs. The migration and
invasion abilities of CAFs were significantly higher than
those of MSCs. HIF-1a was significantly upregulated
during the differentiation of MSCs into CAFs, and the
inhibition of HIF-1a significantly inhibited the migration
and invasion of CAFs. We then planned to study the
mechanism by which HIF-1a regulates the migration and
invasion of CAFs and whether inhibiting CAF

metastasis could reduce tumor metastasis.
MATERIALS AND METHODS
Isolation and culture of human adipose-derived MSCs

Isolation and culture of MSCs were performed in
accordance with the Declaration of Helsinki and approved
by the Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences (Project No. 022-2015)
[20, 21]. Human adipose tissue was obtained from
patients undergoing tumescent liposuction approved by
orthopaedic hospitals, and all samples were used with
informed consent from donors. Adipose tissue-derived
mesenchymal stem cell culture was performed as
described previously [21].

Tumor cell culture

The colorectal cancer cell lines HCT-8, HCT-116 and
LOVO were obtained from the Cell Resource Center,
IBMS, CAMS/PUMC (Beijing, China). All of the cell
lines were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (H-DMEM) supplemented with 10%
foetal bovine serum (Gibco, Carlsbad, CA, USA) and
were incubated at 37 °C in a 5% COz humidified
incubator. After 2 or 3 days, the cells were digested and
passaged.

Co-culture

A Transwell chamber with a 0.4 um pore size permeable
membrane (Cat. #3450, Corning, Corning, USA) was
used to co-culture MSCs with colorectal cancer cells
(HCT-8, HCT-116 and LOVO). The MSCs were plated in
the lower chamber of a six-well transwell plate at a
density of 2 x 10%ml, and colorectal cancer cells (2 %
10°/ml) were plated in the upper chamber. All cells were
incubated at 37 <C in a 5% CO; humidified incubator.
After 7 day of co-culture, the MSCs could be induced to
CAFs for subsequent experiments.

To avoid the effect of the HIF-1a selective protein
inhibitor on tumor cells during co-culture, conditioned
medium was used instead of co-culture. The culture
medium of colorectal cancer cells after 24 h of culture was
collected as the conditioned medium for the following
experiment. Previous studies suggested that the effect of
conditioned medium was similar to the effect of direct co-
culture [22, 23].

Adipogenic differentiation

Adipogenic differentiation was performed as previously
described [24]. The culture medium was replaced with
adipogenic  medium  composed of H-DMEM
supplemented with 10% foetal bovine serum, 1 pum
dexamethasone (Sigma-Aldrich, St. Louis, MO, USA),
0.5 mm isobutylmethylxanthine (Sigma-Aldrich, St.
Louis, MO, USA) and 1 mm L-ascorbic acid (Sigma-
Aldrich, St. Louis, MO, USA). After 12 days, the cells
were washed with PBS and stained with filtered oil red O
solution (Sigma-Aldrich, St. Louis, MO, USA). Then,
positive cells were quantified under a microscope.

Osteogenic differentiation

Osteogenic differentiation was performed as previously
described [24]. The cells were induced in osteogenic
medium composed of high-glucose Dulbecco’s modified
Eagle’s medium (H-DMEM) supplemented with 10%
fetal bovine serum, 10 mm B-glycerophosphate (Sigma-
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Aldrich, St. Louis, MO, USA), 0.5 mm L-ascorbic acid
and 0.01 mm dexamethasone. After 5 days, alkaline
phosphatase (ALP) staining was performed using an ALP
staining kit (Institute of Hematology and Blood Diseases
Hospital, Chinese Academy of Medical Sciences, Tianjin,
China) according to the manufacturer’s protocol. Alizarin
red staining was performed to detect matrix
mineralization deposition during the later stage of
osteogenesis.

RNA extraction

RNA extraction and gRT-PCR were performed as
described previously [25]. The culture medium was
discarded, and 1 ml of TRIzol was added to 110° cells at
room temperature for 5 min. The lysate was moved to an
enzyme-free EP tube and stored at -80 °C or used
immediately to extract RNA. Chloroform (200 pl) was
added to each tube, which was shaken vigorously for 30 s
and mixed at room temperature for 5 min. After
centrifugation at 12,000 rpm for 15 min at 4 °C, the upper
layer was transferred to a new enzyme-free EP tube. An
equal volume of isopropanol was added, the tube was
inverted gently, and the sample was incubated at room
temperature for 10 min. After incubation, the sample was
centrifuged at 4 °C at 12,000 rpm for 15 min, and the
supernatant was discarded. One millilitre of prechilled
75% ethanol [dehydrated ethanol plus enzyme-free
diethyl pyrocarbonate (DEPC) water] was added to clean
the sediment (without disrupting the pellet), and then the
sample was centrifuged at 7,500 rpm for 5 min. This step
was repeated once, and the supernatant was discarded.
The sample was air-dried until the precipitate was clear.
Thirty microlitres of DEPC water was added to dissolve
the RNA precipitate, and a Nanodrop spectrophotometer
(Thermo Scientific NanoDrop 2000/2000C) was used to
measure RNA concentrations.

gRT-PCR analysis

cDNA was reverse transcribed (30 pl), and experiments
were performed following the procedure recommended
by TaKaRa M-MLYV reverse transcriptase (Takara Bio,
Inc.) product specifications. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)
experiments were performed according to the
recommended methods provided by the manufacturer of
the TaKaRa SYBR® Premix Ex Taq kit (Takara Bio,
Inc.). U6 and GAPDH were used as housekeeping genes
for standardization. The primer sequences are listed in
Supplementary Table 1. Data are presented as the fold
change of downregulation or upregulation (fold value = 2°
AACt where AACt = (Ct of the gene of interest, treated-Ct
of the housekeeping gene, treated) - (Ct of the gene of

interest, control-Ct of the housekeeping gene, control),
and Ct was the number of threshold cycles).

Western blot assay

Western blot assays were performed as previously
described ?!!. The culture medium was discarded. The
cells were washed with prechilled PBS, and neutral Radio
Immunoprecipitation Assay lysate containing 1 mm
phenylmethylsulfonyl fluoride was added. Then, the cells
were lysed on ice for 10 min and manually scraped from
the culture plates into a 1.5 ml EP tube. After
centrifugation at 12,000 rpm for 30 min, the supernatant
was transferred to a new EP tube. The cells were divided
into two parts: one part was frozen at -20 °C, and the other
part was used to determine the concentration. The protein
concentration was measured with the BCA protein
concentration measurement kit (P0011; Beyotime). To the
other part, 5 X protein electrophoresis loading buffer mix
was added at a 1:4 ratio, and the mixture was boiled in a
boiling water bath (5-10 min). Fifteen micrograms of
samples per lane were loaded onto an SDS-PAGE (sodium
dodecyl sulphate polyacrylamide gel electrophoresis)
protein gel for protein separation. Polyvinylidene
difluoride (PVDF) membranes were used for wet transfer.
A 5% skim milk solution was used to block the
hybridization reaction. Proteins were incubated with the
indicated primary antibody, followed by incubation with
the secondary antibody. The antibodies used were as
follows: HIF-1a rabbit mAb (1/1000; Cat. #14179, Cell
Signaling Technology, Danvers, MA, USA), TMEM49/
VMP1 rabbit mAb (1/1000; Cat. #12929, Cell Signaling
Technology, Danvers, MA, USA), alpha SMA-specific
rabbit mAb (1/1000; Cat. # 55135-1-AP, ProteinTech,
Chicago, IL, USA), FAPA rabbit mAb (1/1000; Cat. #
66562, Cell Signaling Technology, Danvers, MA, USA),
GAPDH rabbit mAb (1/1000; Cat. # sc-20358, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and Lamin Bl
rabbit mAb (1/1000; Cat. #13435, Cell Signaling
Technology, Danvers, MA, USA). The secondary
antibody used was the anti-rabbit horseradish peroxidase-
conjugated antibody (1/3000; Santa Cruz Biotechnology).
Antibody-antigen complexes were detected using ECL
reagent (Millipore Corporation, Billerica, MA, USA).

Cell migration and invasion assays

Cell migration and invasion assays were performed as
previously described [26]. Transwell chambers (8 pum
pore size; Costar, Kennebunk, ME, USA) were used in the
migration and invasion assays. CAFs or MSCs were
seeded into the upper well without FBS. The lower well
was filled with 10% FBS as the invasion or migration
attractant. Chamber membranes were coated with
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Matrigel for the invasion assay. After 36-48 h, the cell
culture solution was discarded. Then, the upper well was
washed with PBS, fixed with 4% paraformaldehyde for 10
min, and stained with crystal violet. Finally, the migrating
or invading cells were counted and photographed.

Lentiviral transduction particle
transduction

preparation and

This protocol was performed as previously described [27].
The miR-210 mimics, Si210 and a negative control (NC)
expression cassette were first constructed in LV10 cells
(U6/mCherry & Puro) (GenePharma, Suzhou, China). An
NC expression cassette was also constructed in LV3
(H1/GFP & Puro) and LV16 (U6/mCherry-Luciferasel7
& Puro) (GenePharma, Suzhou, China) cells. The inserted
sequences were as follows: Si210: 5’-TCAGCCG
CTGTCACACGCACAG-3’, NC: 5’-CAGUACUUUG
UGUAGUACAA-3’, and miR-210 mimics: 5’-CTGTG
CGTG TGACAGCGGCTGA-3’. Lentivirus was added to
the cell culture medium according to the manufacturer’s
instructions. Culture medium containing puromycin (2
png/ml) was used to select cells 24 h after transduction. The
transduction efficiency was evaluated by detecting
mCherry/GFP  expression under a fluorescence
microscope. Transfection efficiency was then verified by
gqRT-PCR.

ChIP assay

Chromatin immunoprecipitation (ChlP) was performed
using an EZ-ChIP™ Chromatin Immunoprecipitation Kit
(Millipore, Germany, 17-371) according to the
manufacturer’s protocol. The control group and co-
culture group were cross-linked with 1% formaldehyde
for 10 min and prepared for ChIP. The immune-
precipitated DNA was detected by electrophoresis. We
used the following antibody in the ChIP procedure: anti-
HIF-1a rabbit mAb (CST, D2U3T). Normal rabbit IgG
was used as a negative control. The primer set was chosen
to amplify approximately 500-600 bp around the
indicated region. The primers of the promoter were as
follows: miR-210-promoter-F: 5’-ATTCTCGAG
GGCGGGAGGAGGACCACCTC-3’; and miR-210-
promoter-R: 3’-AATAAGCTTGGGCGGGCGGAGGG
ATTGAC-5".

Dual-luciferase reporter assay

The 3' untranslated region (UTR) of the wild-type (wt)
human VMP1 gene, which included the putative hsa-miR-
210 binding site, was inserted into the dual-luciferase
pmirGLO vector (GenePharma, Suzhou, China). The
other gene which included the mutated (mut) hsa-miR-

210 binding site, was also inserted into the pmirGLO
vector. 293T cells were seeded into 6-well plates and
transfected with luciferase vectors containing VMP1 (wt),
VMP1 (mut), a negative control (NC) or a positive control
(PC). Forty-eight hours after transfection, relative
luciferase activities were measured using a dual luciferase
reporter assay (Promega, USA) according to the
manufacturer’s instructions.

Rescue assay

The plasmid vector of the VMP1 expression clone was
purchased from GenePharma (GenePharma, Suzhou,
China). The VMP1 overexpression or control plasmid was
transfected into control-MSC/miR-210 mimics-MSCs
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). The transfection efficacy was determined by gRT-
PCR at 24 h, and cell migration and invasion assays were
performed at 36-48 h.

Flow cytometry assay

According to the reported method of flow cytometry assay
[21], samples were added into the EP tube and centrifuged
at 1,200 rpm for 5 min. A total of 200 pl of a 1:100
dilution of PE mouse anti-human antibodies (CD106,
CD34, CD44,CD31, CD29, and CD90) (BD Pharmingen,
La Jolla, CA) were added to each tube and mixed. The
same-species, same-isotype irrelevant antibody was used
as negative control. Samples were incubated at 4 °C for
30 min, and then centrifuged at 1,200 rpm for 5 min. The
supernatant was discarded. The sediment was mixed with
200 pl of PBS. Cells were analyzed using the BD Accuri
Cé.

Adhesion assay

According to the reported method of adhesion assay [26],
100 pg/ml fibronectin (FN) was added to the 96-well
culture plate. After incubated overnight at 4 <C, the plate
was washed with PBS and blocked with 1% BSA. Then
the coated plate was washed twice with H-DMEM and
used for the adhesion assay. The BSA control group was
not coated with FN and treated with 1% BSA alone. Cells
were resuspended at a concentration of 0.5 <108 cells / ml
and added to FN-coated culture plate and BSA control
culture plate at 100 ul / well. After incubated for 60 min
at 37 <C, the plates were washed with PBS. The attached
cells were fixed with 4% paraformaldehyde, stained with
crystal violet, dissolved with glacial acetic acid, and
detected with a plate reader at 570 nm. The number of
adherent cells was OD of the FN-coated group minus that
of the BSA control group.
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Figure 1. MSCs were induced to CAFs by colorectal cancer cells. (A) Western blot showing that the expression
of the CAF characteristic proteins a-SMA and FAPA was upregulated after MSCs were co-cultured with LOVO,
HCT-116, and HCT-8 cells. (B) Comparison of adipogenic (Oil Red O staining) and osteogenic (alizarin red and
alkaline phosphatase staining) differentiation abilities between MSCs and CAFs. Oil Red O staining and alizarin red
staining were performed after 12 days of culture. Alkaline phosphatase staining was performed after 5 days of culture.
(C) Effect of combined MSC transplantation on primary tumour volume in nude mice. HCT-116 group: HCT-116 5
x 108 cells; MSC + HCT-116 group: HCT-116 5 x< 10° cells + MSC 1 %< 10° cells. (D) In vivo fluorescence image
showing the effect of combined MSC transplantation on tumour metastasis. Two groups of mice were transplanted
with HCT-116 5 <106 cells and HCT-116 5 < 10° cells + MSC 1 x<106 cells. The HCT-116 cell lines carried GFP.

Animal experiments to eight weeks old and were purchased from the

Experimental Animal Institute of the Chinese Academy of
Animal experiments were performed as previously Medical Sciences (Beijing, China). All mice were bred
described [26]. All male nude mice (BALB/c-nu) weresix —and maintained under specific pathogen-free (SPF)
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conditions in individually ventilated (high-efficiency
particle-arresting filtered air) sterile microisolator cages
(Techniplast, Milan, Italy). The experimental procedures
were approved by the Animal Care and Use Committee of
the Chinese Academy of Medical Sciences.

For the differentiation of MSCs into CAFs
(metastasis-promoting assay), HCT-116 cells were stably
transduced with lentivirus vectors (GFP). MSCs were also
stably transduced with lentivirus vectors (mCherry). For
the HCT-116 group (n=5), HCT-116 cells were
resuspended in PBS at a concentration of 5 x105/100 pl.
Male BALB/c nude mice (5-6 weeks old) were then
injected with 100 pl of cell suspension subcutaneously.
For the HCT-116+MSC group (n=5), HCT-116 cells were
injected with MSCs at a ratio of 5:1. The tumor sizes were
measured every week, and the volumes (in cubic
millimetres) were calculated according to the following
equation: width? x length < 0.5. In vivo fluorescence
imaging was used to detect HCT-116 cell metastasis.

For the CAF metastasis assay, MSCs were stably
transduced with lentivirus vectors (mCherry-luciferase).
For the HCT-116 group (n=5), HCT-116 cells were also
injected subcutaneously. For the HCT-116+MSC group
(n=5), HCT-116 cells were injected with MSCs
(mCherry-luciferase). After 8 to 9 weeks, in vivo
fluorescence imaging detected CAF metastasis. Mice
underwent histological evaluations of lung metastasis.

To analyze the role of miR-210 in CAFs and tumor
metastasis, MSCs in which miR-210 expression was
altered and the corresponding controls (stably transduced
with the mCherry lentivirus vector) were mixed with
HCT-116 cells at a ratio of 1:5. For the HCT-116 group
(n=10), HCT-116 cells were also injected subcutaneously.
For the HCT-116+Si-miR-210-MSC group (n=10)/Si-
control-MSC group (n=10), HCT-116 cells were injected
with Si-miR-210-MSCs/Si-control-MSCs. The area of
mCherry* cells was detected by ImageJ.

A MSC Co-culture with CRC cell lines

MSC

Migration

Invasion

HCT116

HCT116+MSC

HCT116
+MSC

HCT116

T———
R PEL 25

Kin

NC  HCT8 HCT116 LOVO

A
[]

i h
10 |_I—l

NC HCT8 HCT118 LOVO

Figure 2. CAFs had stronger migration and invasion abilities than MSCs. (A) Transwell assays (n = 4)
showed that CAFs had stronger migration and invasion abilities than MSCs. * P < 0.05. Scale bar: 200um. (B)
In vivo fluorescence image showing CAFs expressing luciferase in parts other than the primary foci in the HCT-
116 + MSC group of the nude mouse subcutaneous transplantation model. Lentivirus vectors carrying mCherry-
luciferase were transfected into MSCs. HCT-116 5 <106 cells and HCT-116 5 <105 + MSC 1 =106 cells were
transplanted into the two groups. (C) Multiple immunofluorescence staining showing colorectal cancer cells
and CAFs originating from the primary tumour in the lung metastases in mice of the HCT-116 + MSC group.
DAPI: nucleus (blue), CDX-2: colorectal cancer cells (green), a-SMA: CAFs (red), mCherry: exogenous CAFs
(violet). White arrows: CDX-2-positive cells (CRC cells), yellow arrows: both a-SMA- and mCherry-positive
cells (exogenous CAFs), red arrow: only a-SMA-positive cells (endogenous CAFs). Scale bar: 20um.
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Statistical analysis

All data are expressed as the mean + standard deviation,
and two-tailed t-tests and one-way ANOVA (analysis of
variance) were performed. P<0.05 was considered
significant. Each experiment was repeated at least three
times to obtain a P value and to control for systematic
errors.

RESULTS

CRC cell lines induced the differentiation of MSCs into
CAFs.

Previous studies have found that MSCs can home in
cancer and differentiate into CAFs in vivo [28]. To study
the functions of CAFs derived from MSCs in CRC, we
first determined whether MSCs could differentiate into
CAFs after co-culture with the colorectal cancer cell lines

A C
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LOVO, HCT-116 and HCT-8 in vitro. The results showed
that the expression of a-SMA and FAPA was significantly
upregulated after MSCs were co-cultured with CRC cells
(Fig. 1A, Supplementary Fig. 1). In addition, the multiline
differentiation ability of MSCs disappeared after co-
culture (Fig. 1B). Further analysis of the cell
mesenchymal marker of CAFs and MSCs indicated that
the positive rate of CD44, CD90, and CD29 was more
than 90%, and CD31, CD 34, and CD 106 was negative
(Supplementary Fig. 2A). The result showed that CAFs
have the same mesenchymal markers as MSCs. The
expression of IL-8, IL-10, MCP-1, HGF in CAFs was
significantly higher than that in MSCs (p < 0.01,
Supplementary Fig. 2B). The adhesion ability of CAFs
was significantly lower than that of MSCs (p<<0.01,
Supplementary Fig. 2C). These results suggested that
MSCs could be induced to differentiate into CAFs by
colorectal cancer cells.
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Figure 3. HIF-1a regulated the migration and invasion of CAFs. (A) Western blot assay of HIF-1a protein levels during the
differentiation of MSCs into CAFs induced by HCT-116 cells. (B) Western blot assay of HIF-1a protein levels in the nucleus during
the differentiation of mesenchymal stem cells (MSCs) into CAFs induced by HCT-116 cells. (C) Transwell assays (n = 4) showing
that the migration and invasion capacities of CAFs were significantly decreased after treatment with the HIF-1a inhibitor KC7F2. * P

< 0.05. Scale bar: 200 pm.

We further transplanted HCT-116 or HCT-116 cells
combined with MSCs into nude mice to establish a
subcutaneously implanted tumour model (HCT-116 cells
were transfected with GFP, and MSCs were transfected
with mCherry). It was indicated that exogenous MSCs
could differentiate into CAFs that expressed both
mCherry and a-SMA in the subcutaneously transplanted
tumors of the HCT-116+MSC group (Supplementary Fig.
3). There was no significant difference in the volumes of
subcutaneously transplanted tumors between the HCT-
116 and HCT-116+MSC groups (Fig. 1C). However, in
vivo fluorescence imaging revealed that the HCT-
116+MSC group exhibited significantly increased
metastasis (Fig. 1D), suggesting that one of the main
functions of CAFs is to promote tumor metastasis in CRC.

CAFs have migration and invasion abilities

cCAFs have been reported in the peripheral blood of
patients with CRC [15]. We then examined the
mechanism by which CAFs metastasize into peripheral
blood vessels.

First, the migration and invasion capacities of MSCs
and CAFs were analyzed via transwell assays. The results
showed that MSCs had some migration capacity, but
CAFs had significantly higher migration capacity than
MSCs. In addition, MSCs had almost no invasive
capacity, but a small number of cells showed invasion
capacity after differentiating into CAFs (Fig. 2A). We
then examined whether the CAFs of the primary tumor
could metastasize to other body parts in the nude mouse
subcutaneous transplantation model. We transfected
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lentivirus vectors carrying mCherry-luciferase into
MSCs. In the above experiments, we confirmed that
MSC:s could differentiate into CAFs in the subcutaneous
primary tumor (Supplementary Fig. 3). After 8-10 weeks
of subcutaneous transplantation, the in vivo fluorescence
imaging system detected luciferase in sites other than the
primary foci in the HCT-116+MSC group, which
indicated that CAFs carrying luciferase could metastasize
from the primary tumor to other body parts (Fig. 2B).
Then, multiple immunofluorescence staining was
used to detect CRC cells and CAFs in the lung metastases

of mice. CDX-2 is a transcription factor specific to CRC.
Colorectal cancer cells were detected by tagging CDX-2
(green), CAFs by tagging a-SMA (red), exogenous CAFs
by tagging mCherry (violet), and nuclei by tagging DAPI
(blue). Some cells that were positive for a-SMA in the
lung metastases of mice in the HCT-116+MSC group
were also positive for mCherry, which suggested that
some CAFs in the lung metastases originated from the
primary tumor (Fig. 2C).
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Figure 4. HIF-10 regulated the migration and invasion of CAFs by upregulating the expression of miR-210. (A) Binding sites of
HIF-1a in the miR-210 promoter region. (B) ChIP assay revealed that HIF-1a could bind to the miR-210 promoter region. (C) qRT-
PCR showing that the expression of miR-210 was upregulated during the differentiation of MSCs into CAFs induced by HCT-116 cells.
* P<0.05. (D) Transwell assays (n = 4) revealed that the migration and invasion of CAFs decreased significantly after interference with
miR-210 in CAFs. * P <0.05. Scale bar: 200um. (E) Transwell assays (n = 4) revealed that the migration and invasion of CAFs increased
significantly after miR-210 overexpression in MSCs. * P < 0.05. Scale bar: 200pm.

HIF-1a regulated the migration and invasion of CAFs

In contrast to normal fibroblasts, CAFs play a role in
metabolic reprogramming, and HIF-1la is an important
regulatory factor of this process [29]. HIF-1a regulates
tumour cell migration and invasion. Therefore, we aimed
to investigate whether HIF-1a affected the migration and
invasion functions of CAFs. The results showed that the
expression of HIF-la was upregulated during the
differentiation of MSCs into CAFs (Fig. 3A), and HIF-1a
was significantly increased in the nucleus (Fig. 3B). We
further found that the migration and invasion capacities of
the induced cells were significantly decreased when the
HIF-1a inhibitor KC7F2 (S7946, Selleck, 10 pmol/l) was
added to the conditioned medium (Fig. 3C).

HIF-1a regulated the migration and invasion of CAFs
by upregulating the expression of miR-210

Bioinformatics analysis revealed a binding site for HIF-
la in the promoter region of miR-210 (Fig. 4A). We
performed a ChIP assay and found that HIF-1a could bind
to the miR-210 promoter region in CAFs (Fig. 4B).
Moreover, the expression of miR-210 was gradually
upregulated during the differentiation of MSCs into CAFs
(Fig. 4C). In addition, the overexpression of miR-210 in
CAFs was decreased significantly by the protein inhibitor
for HIF-la (KC7F2, 10 pmol/l) in the conditioned
medium (Supplementary Fig. 4). We subsequently
interfered with the expression of miR-210 in MSCs (see
Supplementary Fig. SA for interference efficiency). HCT-
116 cells were then used to induce the differentiation of
Si-miR-210-MSCs into CAFs. The migration and
invasion abilities of CAFs in which miR-210 expression
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was altered were significantly reduced compared with
those of the control group (Fig. 4D). However, the
migration and invasion capacities of CAFs were

significantly  upregulated when miR-210  was
overexpressed in MSCs (Fig. 4E, see Supplementary Fig.
5B for overexpression efficiency).
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Figure 5. miR-210 regulated the migration and invasion of CAFs by regulating VMP1. (A) Bioinformatics
analysis showing that miR-210 could directly bind to the 3'UTR of VMPI. (B) Western blot showing the
downregulated expression of the VMP1 protein during the differentiation of MSCs into CAFs. (C) Dual-luciferase
reporter assay suggested that miR-210 could bind to the 3'UTR of VMP1 (VMP1 WT: VMP1 3’UTR Wild type;
VMP1 MT: VMP1 3’UTR mutation type; mimic: microRNA control). * P < 0.05. (D) Western blot analysis
showing the upregulated and downregulated expression of the VMP1 protein after interference with and
overexpression of miR-210, respectively. (E) Transwell assays (n = 4) showing that the migration and invasion of
CAFs significantly increased after interference with VMP1. * P < 0.05. Scale bar: 200um.

miR-210 regulated the migration and invasion of CAFs
by downregulating the expression of VMP1

As a non-coding RNA, the biological effect of miR-210
depends on its interaction with mRNA. According to
bioinformatics analysis, miR-210 has a binding site in the
3'UTR of VMPI1, Bcl-2, FOBX31 and HIF3a [30-32]
(Fig. 5A, Supplementary Fig. 6A). However, only VMP1
expression was significantly downregulated during the
differentiation of MSCs into CAFs induced by colorectal

cancer cells (Fig. 5B, Supplementary Fig. 6B). The dual-
luciferase reporter assay showed that miR-210 could
directly bind to the 3'UTR of VMP1 (Fig. 5C).
Interference with miR-210 expression resulted in the
upregulation of VMP1 expression during the
differentiation of MSCs into CAFs, while overexpression
of miR-210 resulted in the downregulation of VMP1
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differentiation of MSCs into CAFs (Fig. 5E, see
Supplementary Fig. 5C for interference efficiancy). To
further confirm that miR-210/VMP1 regulated the
migration and invasion of CAFs, a rescue experiment was

A HCT-116

B

conducted by overexpressing miR-210 and/or VMP1 and
revealed that the ability of miR-210 to upregulate the
migration and invasion of CAFs could be impaired by
overexpressing VMP1 (Supplementary Fig. 6D).

HCT-116+Si-control-MSC HCT-116+Si-miR210-MSC

i, v

Figure 6. Validation of the effect of the HIF-1¢/MIR-210 pathway on the metastasis of cancer cells and CAFs. The
metastasis of cancer cells and CAFs was detected in a subcutaneous xenograft model of colorectal cancer. Lung metastases
of colorectal cancer cells (arrows in A, CDX-2 THC, scale bar: 2.5 mm.) and exogenous CAFs (tagged violet mCherry in B,
scale bar: 5000 um.) were reduced after interference with the expression of miR-210 in the subcutaneously transplanted

MSCs.

Interfering with the expression of miR-210 in CAFs
reduced both CAF's and CRC lung metastases in mice

We further verified the effect of the HIF-1a/miR-210
pathway on the metastasis of cancer cells and CAFs in the
process of MSCs being induced into CAFs in the
subcutaneous xenograft model of CRC. The results
showed that the lung metastasis of cancer cells in the
HCT-116 combined with MSCs group was significantly
more than that of the HCT-116 alone group (p = 0.019,
Fig. 6A, Supplementary Fig. 7A). However, the
metastasis-promoting effect of CAFs was weakened
significantly after interfering with the expression of miR-
210 (p = 0.04, Fig. 6A, Supplementary Fig. 7A). In
addition, we found that the ability of CAFs to metastasize
to the lungs was also impaired after interfering with the
expression of miR-210 (Fig. 6B, Supplementary Fig. 7B-
7C).

DISCUSSION

In the present study, we found that CAFs differentiated
from MSCs in the subcutaneous xenograft model of CRC

could metastasize from the primary site to distant organs
and promote tumor metastasis. We further proved that the
enhanced migration and invasion abilities of CAFs might
be caused by the upregulation of HIF-la expression,
which promoted the transcription of miR-210, thereby
inhibiting the expression of the VMP1 protein
(Supplementary Fig. 8).

MSC:s are one of the main sources of CAFs in tumour
tissues. We also confirmed that MSCs could differentiate
into CAFs after being induced by CRC cells both in vitro
and in vivo. Normal MSCs have limited migration ability,
but almost no invasion ability [33, 34]. Previous studies
suggested that CAFs were more migratory than normal
fibroblasts in lung cancer [35]. Our study also showed that
the migration and invasion abilities of CAFs were
significantly higher than those of MSCs.

We then verified that CAFs could promote tumor
metastasis in the subcutaneous xenograft model of CRC,
which is consistent with the results of Wen ef a/ in breast
cancer [36]. Further analysis of CAFs at pulmonary
metastases revealed that some of the CAFs were
anthropogenic, which means that they had metastasized
from the primary tumor. Duda ef al showed that cancer

Aging and Disease * Volume 12, Number 7, October 2021

1803


javascript:;
javascript:;
javascript:;
https://pubmed.ncbi.nlm.nih.gov/?term=Wen+S&cauthor_id=30391782

Yang Y., etal

HIF-1a promotes the migration and invasion of CAFs

cells brought their own soil, CAFs, to metastasize
together, which promoted the survival and colonization of
circulating cancer cells in a lung cancer metastasis model
[14]. Circulating CAFs could also be distinguished in the
peripheral blood of patients with breast cancer, prostate
cancer, colorectal cancer and lung cancer. In these studies
[15, 16], the level of cCAF was associated with clinical
metastasis and could be a maker for the predication of
metastasis. And the circulating CAFs levels also
correlated with worse prognosis and a shorter survival
time in metastatic cancer patients. All these results
indicate that CAFs in the primary tumor can metastasize
and promote tumor metastasis. Tumor metastasis is the
main cause of death in CRC patients, and inhibition of
CAF metastases may theoretically help to reduce tumor
metastasis, so we further studied the possible mechanism
by which CAFs regulate metastasis.

Hypoxia is the most important feature of tumors and
plays a very important role in the processes of tumor
proliferation and metastasis. Hypoxia induced HIF-1a
expression in tumor cells, followed by metabolic
reprogramming, angiogenesis, stromal remodeling, and
migration and invasion enhancement [37]. Previous
studies have shown that hypoxia or high HIF-la
expression could directly (ZEBI, Snail, Twist, CAV-1) or
indirectly (Notch, TGF-B, integrin-linked kinase) regulate
EMT and the migration and invasion of various tumour
cells [38-40]. Similar to tumor cells, the HIF-1a signaling
pathway also has the ability to regulate the migration of
MSCs [41-43]. In addition, a previous study suggested
that hypoxia could stimulate a small number of MSCs to
enter the circulating blood [44]. Since the tumor
microenvironment is also hypoxic, we speculated that
HIF-lo. might play an important role in the tumor
microenvironment and regulate the invasion and
migration of CAFs. Our study found that HIF-la
expression in CAFs was upregulated compared with that
in MSCs. Similarly, the expression of HIF-1a was also
activated when fibroblasts were induced to CAFs after co-
culture with breast cancer cells in previous studies [45,
46]. After HIF-1a inhibition, we found that the invasion
and migration of CAFs decreased significantly, indicating
that hypoxia also plays a key role in the invasion and

migration of CAFs.
HIF-1a is an important transcription factor. Among
the genes that HIF-la or hypoxia regulates

transcriptionally, miR-210 has been shown to regulate the
migration and invasion (metastasis) of a variety of tumors,
especially CRC [47-50]. Although miR-210 has been
proven to be a target of HIF-1a in breast cancer cells [51],
whether HIF-1a regulates miR-210 transcription in CAFs
has not yet been reported. In our study, we found that
overexpression of miR-210 in MSCs significantly
increased the migration and invasion of induced CAFs,

while inhibition of miR-210 expression in CAFs reduced
migration and invasion. These results suggested that miR-
210 was also related to the regulation of invasion and
migration in CAFs. We then proved through ChIP
experiments that HIF-la could directly bind to the
promoter region of miR-210 in CAFs. In addition, the
expression of miR-210 decreased after HIF-1a inhibition
in CAFs, suggesting that HIF-1a promotes the migration
and invasion of CAFs by regulating the transcription of
miR-210. In the mouse xenograft model, the numbers of
metastatic foci and human CAFs in the lungs were
reduced after inhibiting the expression of miR-210 in
MSCs transplanted subcutaneously together with colon
cancer cells. Therefore, miR-210 might be a good target
for inhibiting CAF metastasis. There are relatively few
studies on the mechanism of CAF migration and invasion.
We found for the first time that the mechanism by which
hypoxia promotes metastasis in tumor cells can also be
applied to CAFs, providing a new understanding of CAFs.
miR-210 is a non-coding RNA that normally
suppresses downstream gene expression by targeting the
3'UTR of mRNA. We predicted the target genes of miR-
210 on a bioinformatics website. Combined with a
literature search, we identified several possible
downstream targets of miR-210 related to migration and
invasion, such as Bcl-2, HIF3a, and VMP1 [30-32].
Vacuolar membrane protein 1 (VMP1) is considered to be
an important protein in cancer. VMP1 was initially
reported to regulate tumor cell migration and invasion in
a liver cancer study [52]. The expression of VMP1 was
significantly decreased in CRC tissues compared with
adjacent non-cancer tissues [53]. Therefore, VMPI is
considered to play a vital role in the process of tumor
metastasis. Moreover, miR-210 can bind to the 3'UTR of
VMP1 and regulate the invasion and migration of tumor
cells [32, 54, 55]. Since the metastasis of CAFs is similar
to that of tumor cells, we hypothesized that the invasion
and migration of CAFs in the tumor microenvironment
were also regulated by VMP1. Finally, we confirmed that
VMP1 was the downstream target of miR-210 and
regulated the invasion and migration of CAFs.
Considering the important role of CAFs in tumor
proliferation, metastasis and drug resistance, CAF-related
treatment seems to be a good direction. The results of
previous studies suggested that tumor metastasis could be
inhibited by hindering the formation and functions of
CAFs in vitro [35] [56]. In the present study, we reported
the possible mechanism by which CAFs metastasize in
CRC and further confirmed in vivo that inhibiting the
migration and invasion of CAFs could inhibit metastases
of both tumors and CAFs. These results are innovative.
However, there are still some limitations to our research.
First, we did not confirm the correlation between the
amount of circulating CAFs and prognosis in CRC
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patients. This may require collecting peripheral blood
from CRC patients and separating cCAFs for further
analysis. Second, the mechanism by which CAFs colonize
themselves and then help tumor cells colonize and survive
in distant target organs needs to be further studied.

In summary, our study revealed that upregulation of
the HIF-1o/miR-210 pathway can enhance the migration
and invasion of CAFs, and CAFs from the primary foci of
CRC can metastasize to distant organs and promote tumor
metastasis. These results provide new insights for future
related research and new ideas for tumor treatment.

Acknowledgements

We thank all the members involved in this study. This
work was supported by grants from the National Natural
Science Foundation of China (No. 61435001) and the
CAMS Innovation Fund for Medical Sciences (No. 2016-
12M-1-001).

Conflicts of interest.

The authors declare no potential conflicts of interest.

Supplementary Materials

The Supplemenantry data can be found online at:
www.aginganddisease.org/EN/10.14336/AD.2021.0315.

References

[1] Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre
LA, Jemal A (2018). Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer
J Clin, 68:394-424.

[2] Mikula-Pietrasik J, Uruski P, Tykarski A, Ksiazek K
(2018). The peritoneal "soil" for a cancerous "seed": a
comprehensive review of the pathogenesis of
intraperitoneal cancer metastases. Cell Mol Life Sci,
75:509-525.

[3] Fiori ME, Di Franco S, Villanova L, Bianca P, Stassi
G, De Maria R (2019). Cancer-associated fibroblasts
as abettors of tumor progression at the crossroads of
EMT and therapy resistance. Mol Cancer, 18:70.

[4] Rizwani W, Allen AE, Trevino JG (2015). Hepatocyte
Growth Factor from a Clinical Perspective: A

Pancreatic Cancer Challenge. Cancers (Basel),
7:1785-1805.
[5] Peinado H, Quintanilla M, Cano A (2003).

Transforming growth factor beta-1 induces snail
transcription factor in epithelial cell lines: mechanisms
for epithelial mesenchymal transitions. J Biol Chem,
278:21113-21123.

[6] Liu J, Chen S, Wang W, Ning BF, Chen F, Shen W, et
al. (2016). Cancer-associated fibroblasts promote

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

hepatocellular ~ carcinoma  metastasis  through
chemokine-activated hedgehog and TGF- pathways.
Cancer Lett, 379:49-59.

Calvo F, Ege N, Grande-Garcia A, Hooper S, Jenkins
RP, Chaudhry SI, et al. (2013). Mechanotransduction
and YAP-dependent matrix remodelling is required for
the generation and maintenance of cancer-associated
fibroblasts. Nat Cell Biol, 15:637-646.

Glentis A, Oertle P, Mariani P, Chikina A, El Marjou F,
Attieh Y, et al. (2017). Cancer-associated fibroblasts
induce metalloprotease-independent cancer cell
invasion of the basement membrane. Nat Commun,
8:924.

Labernadie A, Kato T, Brugues A, Serra-Picamal X,
Derzsi S, Arwert E, et al. (2017). A mechanically
active heterotypic E-cadherin/N-cadherin adhesion
enables fibroblasts to drive cancer cell invasion. Nat
Cell Biol, 19:224-237.

Kaplan RN, Riba RD, Zacharoulis S, Bramley AH,
Vincent L, Costa C, et al. (2005). VEGFR1-positive
haematopoietic bone marrow progenitors initiate the
pre-metastatic niche. Nature, 438:820-827.

O'Connell JT, Sugimoto H, Cooke VG, MacDonald
BA, Mehta Al, LeBleu VS, et al. (2011). VEGF-A and
Tenascin-C produced by S100A4+ stromal cells are
important for metastatic colonization. Proc Natl Acad
Sci U S A, 108:16002-16007.

Fang T, Lv H, Lv G, Li T, Wang C, Han Q, et al. (2018).
Tumor-derived exosomal miR-1247-3p induces
cancer-associated fibroblast activation to foster lung
metastasis of liver cancer. Nat Commun, 9:191.
Paolillo M, Schinelli S (2019). Extracellular Matrix
Alterations in Metastatic Processes. Int J Mol Sci, 20.
Duda DG, Duyverman AM, Kohno M, Snuderl M,
Steller EJ, Fukumura D, et al. (2010). Malignant cells
facilitate lung metastasis by bringing their own soil.
Proc Natl Acad Sci U S A, 107:21677-21682.

Ao Z, Shah SH, Machlin LM, Parajuli R, Miller PC,
Rawal S, et al. (2015). Identification of Cancer-
Associated Fibroblasts in Circulating Blood from
Patients with Metastatic Breast Cancer. Cancer Res,
75:4681-4687.

Jones ML, Siddiqui J, Pienta KJ, Getzenberg RH
(2013). Circulating fibroblast-like cells in men with
metastatic prostate cancer. Prostate, 73:176-181.
Barcellos-de-Souza P, Comito G, Pons-Segura C,
Taddei ML, Gori V, Becherucci V, et al. (2016).
Mesenchymal Stem Cells are Recruited and Activated
into Carcinoma-Associated Fibroblasts by Prostate
Cancer Microenvironment-Derived TGF-betal. Stem
Cells, 34:2536-2547.

Weber CE, Kothari AN, Wai PY, Li NY, Driver J, Zapf
MA, et al. (2015). Osteopontin mediates an MZF1-
TGF-betal-dependent transformation of
mesenchymal stem cells into cancer-associated
fibroblasts in breast cancer. Oncogene, 34:4821-4833.
Zhu Q, Zhang X, Zhang L, Li W, Wu H, Yuan X, et al.
(2014). The IL-6-STAT3 axis mediates a reciprocal
crosstalk between cancer-derived mesenchymal stem
cells and neutrophils to synergistically prompt gastric

Aging and Disease * Volume 12, Number 7, October 2021

1805


http://www.aginganddisease.org/EN/10.14336/AD.2021.0315.

Yang Y., etal

HIF-1a promotes the migration and invasion of CAFs

(20]

(21]

[22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

cancer progression. Cell Death Dis, 5:€1295.
LiJ,HaoY, Mao W, Xue X, Xu P, Liu L, et al. (2019).
LincK contributes to breast tumorigenesis by
promoting proliferation and epithelial-to-
mesenchymal transition. ] Hematol Oncol, 12:19.
ShenY, Xue C, Li X, BaL, GuJ, Sun Z, et al. (2019).
Effects of Gastric Cancer Cell-Derived Exosomes on
the Immune Regulation of Mesenchymal Stem Cells
by the NF-kB Signaling Pathway. Stem Cells Dev,
28:464-476.

Malekshah AK, Moghaddam AE, Daraka SM (2006).
Comparison of conditioned medium and direct co-
culture of human granulosa cells on mouse embryo
development. Indian J Exp Biol, 44:189-192.
Grotenhuis N, De Witte SF, van Osch GJ, Bayon Y,
Lange JF, Bastiaansen-Jenniskens YM (2016).
Biomaterials Influence Macrophage-Mesenchymal
Stem Cell Interaction In Vitro. Tissue Eng Part A,
22:1098-1107.

LiH,FanJ,Fan L, Li T, Yang Y, Xu H, et al. (2018).
MiRNA-10b Reciprocally Stimulates Osteogenesis
and Inhibits Adipogenesis Partly through the TGF-
beta/SMAD?2 Signaling Pathway. Aging Dis, 9:1058-
1073.

Xue C, Shen Y, Li X, Li B, Zhao S, Gu J, et al. (2018).
Exosomes Derived from Hypoxia-Treated Human
Adipose Mesenchymal Stem Cells Enhance
Angiogenesis Through the PKA Signaling Pathway.
Stem Cells Dev, 27:456-465.

Luo F, Zhou J, Wang S, Sun Z, Han Q, Bai C (2019).
microRNA-222 promotes colorectal cancer cell
migration and invasion by targeting MST3. FEBS
Open Bio, 9:901-913.

Sun Z, Han Q, Zhou N, Wang S, Lu S, Bai C, et al.
(2013). MicroRNA-9 enhances migration and
invasion through KLF17 in hepatocellular carcinoma.
Mol Oncol, 7:884-894.

Borriello L, Nakata R, Sheard MA, Fernandez GE,
Sposto R, Malvar J, et al. (2017). Cancer-Associated
Fibroblasts Share Characteristics and Protumorigenic
Activity with Mesenchymal Stromal Cells. Cancer Res,
77:5142-5157.

Radhakrishnan R, Ha JH, Jayaraman M, Liu J, Moxley
KM, Isidoro C, et al. (2019). Ovarian cancer cell-
derived lysophosphatidic acid induces glycolytic shift
and cancer-associated fibroblast-phenotype in normal
and peritumoral fibroblasts. Cancer Lett, 442:464-474.
Sun'Y, Xing X, Liu Q, Wang Z, Xin Y, Zhang P, et al.
(2015).  Hypoxia-induced  autophagy  reduces
radiosensitivity by the HIF-lalpha/miR-210/Bcl-2
pathway in colon cancer cells. Int J Oncol, 46:750-756.
Kai AK-L, Chan LK, Lo RC-L, Lee JM-F, Wong CC-
L, Wong JC-M, et al. (2016). Down-regulation of
TIMP2 by HIF-1o/miR-210/HIF-3a  regulatory
feedback circuit enhances cancer metastasis in
hepatocellular carcinoma. Hepatology (Baltimore,
Md.), 64:473-487.

QuA,DulL,Yang Y, LiuH, LiJ, Wang L, et al. (2014).
Hypoxia-inducible MiR-210 is an independent
prognostic factor and contributes to metastasis in

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

colorectal cancer. PLoS One, 9:€90952.

Haasters F, Docheva D, Gassner C, Popov C, Bocker
W, Mutschler W, et al. (2014). Mesenchymal stem
cells from osteoporotic patients reveal reduced
migration and invasion upon stimulation with BMP-2
or BMP-7. Biochemical and Biophysical Research
Communications, 452:118-123.

Cui X, Jing X, Yi Q, Xiang Z, Tian J, Tan B, et al.
(2019). IL22 furthers malignant transformation of rat
mesenchymal stem cells, possibly in association with
IL22RA1/STAT3 signaling. Oncol Rep, 41:2148-2158.
Li S, OuY, Liu S, Yin J, Zhuo W, Huang M, et al.
(2019). The Fibroblast TTAM2 Promotes Lung Cancer
Cell Invasion and Metastasis. J Cancer, 10:1879-1889.
Wen S, Hou Y, Fu L, Xi L, Yang D, Zhao M, et al.
(2019). Cancer-associated fibroblast (CAF)-derived
IL32 promotes breast cancer cell invasion and
metastasis via integrin beta3-p38 MAPK signalling.
Cancer Lett, 442:320-332.

Gilkes DM, Semenza GL, Wirtz D (2014). Hypoxia
and the extracellular matrix: drivers of tumour
metastasis. Nat Rev Cancer, 14:430-439.

Rankin EB, Giaccia AJ (2016). Hypoxic control of
metastasis. Science (New York, N.Y.), 352:175-180.
Bennett JC, Silva P, Martinez S, Torres VA, Quest
AFG (2018). Hypoxia-Induced Caveolin-1 Expression
Promotes Migration and Invasion of Tumor Cells.
Current Molecular Medicine, 18.

Liu ZJ, Semenza GL, Zhang HF (2015). Hypoxia-
inducible factor 1 and breast cancer metastasis. J
Zhejiang Univ Sci B, 16:32-43.

Zhou B, Ge T, Zhou L, Jiang L, Zhu L, Yao P, ef al.
(2020). Dimethyloxalyl Glycine Regulates the HIF-1
Signaling Pathway in Mesenchymal Stem Cells. Stem
Cell Rev Rep, 16:702-710.

Okuyama H, Krishnamachary B, Zhou YF, Nagasawa
H, Bosch-Marce M, Semenza GL (2006). Expression
of vascular endothelial growth factor receptor 1 in
bone marrow-derived mesenchymal cells is dependent
on hypoxia-inducible factor 1. J Biol Chem,
281:15554-15563.

Annabi B, Lee YT, Turcotte S, Naud E, Desrosiers RR,
Champagne M, et al. (2003). Hypoxia promotes
murine bone-marrow-derived stromal cell migration
and tube formation. Stem Cells, 21:337-347.
Ejtehadifar M, Shamsasenjan K, Movassaghpour A,
Akbarzadehlaleh P, Dehdilani N, Abbasi P, et al.
(2015). The Effect of Hypoxia on Mesenchymal Stem
Cell Biology. Adv Pharm Bull, 5:141-149.

Chiavarina B, Whitaker-Menezes D, Migneco G,
Martinez-Outschoorn UE, Pavlides S, Howell A, et al.
(2010). HIF1-alpha functions as a tumor promoter in
cancer associated fibroblasts, and as a tumor
suppressor in breast cancer cells: Autophagy drives

compartment-specific oncogenesis. Cell Cycle,
9:3534-3551.
Martinez-Outschoorn UE, Trimmer C, Lin Z,

Whitaker-Menezes D, Chiavarina B, Zhou J, et al.
(2010). Autophagy in cancer associated fibroblasts
promotes tumor cell survival: Role of hypoxia, HIF1

Aging and Disease * Volume 12, Number 7, October 2021

1806



Yang Y., etal

HIF-1a promotes the migration and invasion of CAFs

[47]

(48]

[49]

[50]

[51]

induction and NFkappaB activation in the tumor
stromal microenvironment. Cell Cycle, 9:3515-3533.
Ullmann P, Qureshi-Baig K, Rodriguez F, Ginolhac A,
Nonnenmacher Y, Ternes D, et al. (2016). Hypoxia-
responsive miR-210 promotes self-renewal capacity of
colon tumor-initiating cells by repressing ISCU and by
inducing lactate production. Oncotarget, 7:65454-
65470.

Tang T, Yang Z, Zhu Q, Wu Y, Sun K, Alahdal M, et
al. (2018). Up-regulation of miR-210 induced by a
hypoxic microenvironment promotes breast cancer
stem cells metastasis, proliferation, and self-renewal
by targeting E-cadherin. FASEB J:fj201801013R.
Sun'Y, Xing X, Liu Q, Wang Z, Xin Y, Zhang P, et al.
(2015).  Hypoxia-induced autophagy  reduces
radiosensitivity by the HIF-lo/miR-210/Bcl-2
pathway in colon cancer cells. International journal of
oncology, 46:750-756.

Sabry D, El-Deek SEM, Maher M, El-Baz MAH, ElI-
Bader HM, Amer E, et al. (2019). Role of miRNA-210,
miRNA-21 and miRNA-126 as diagnostic biomarkers
in colorectal carcinoma: impact of HIF-1alpha-VEGF
signaling pathway. Mol Cell Biochem, 454:177-189.
Zhang Y, Yan J, Wang L, Dai H, Li N, Hu W, ef al.
(2017). HIF-1a Promotes Breast Cancer Cell MCF-7
Proliferation and Invasion Through Regulating miR-

[52]

[53]

[54]

[55]

[56]

210. Cancer biotherapy & radiopharmaceuticals,
32:297-301.

Guo L, Yang LY, Fan C, Chen GD, Wu F (2012). Novel
roles of Vmp1: inhibition metastasis and proliferation
of hepatocellular carcinoma. Cancer Sci, 103:2110-
2119.

Guo XZ, Ye XL, Xiao WZ, Wei XN, You QH, Che XH,
et al. (2015). Downregulation of VMPI1 confers
aggressive properties to colorectal cancer. Oncol Rep,
34:2557-2566.

Ying Q, Liang L, Guo W, Zha R, Tian Q, Huang S, et
al. (2011). Hypoxia-inducible microRNA-210
augments the metastatic potential of tumor cells by
targeting vacuole membrane protein 1 in
hepatocellular carcinoma. Hepatology, 54:2064-2075.
Liu T, Zhao L, Chen W, Li Z, Hou H, Ding L, ef al.
(2014). Inactivation of von Hippel-Lindau increases
ovarian cancer cell aggressiveness through the
HIF1lalpha/miR-210/VMP1 signaling pathway. Int J
Mol Med, 33:1236-1242.

Cazet AS, Hui MN, Elsworth BL, Wu SZ, Roden D,
Chan CL, et al. (2018). Targeting stromal remodeling
and cancer stem cell plasticity overcomes
chemoresistance in triple negative breast cancer. Nat
Commun, 9:2897.

Aging and Disease * Volume 12, Number 7, October 2021

1807



